The work concerns the monitoring of the technical condition of metro trains. For this purpose, a vibration monitoring system installed in buildings in the vicinity of the underground is used. Based on measured vibrations buildings, the identification of technical condition in metro trains is conducted. The results of measurements from the system are also used to assess the impact of vibrations on people staying in buildings through the WODL ratio. Exceeding the assumed levels of the WODL ratio is the basis for repairing trains by turning wheels. Statistical analysis of the data was implemented and trends for particular time periods of measurements were shown. With the entered monitoring system and the introduced WODL index thresholds, it is possible to better plan the costs associated with the repair and replacement of wheels of rolling stock, where there are large values of radial runout. According to the introduced monitoring procedure, the number of complaints from residents decreased and the comfort of their lives improved.
Introduction
The vibration monitoring system in civil engineering mainly concerns two aspects: structural health monitoring [1] [2] [3] [4] and ambient or seismic vibration monitoring [5] [6] [7] . There are relatively few articles that address the issue of monitoring vibrations in buildings from existing road, rail, or metro infrastructure. Investigators are concerned about short-term monitoring [8] or vibrations, which are measured on the ground [9] or in the tunnel [10] and eventually the building model is excited by recorded signals [11] . It is worth noting that the building structure exposed to vibrations is investigated by researches, while human perception of vibrations is a decisive parameter of evaluation. People are more sensitive to vibrations than building structures are, especially when these vibrations occur often, although they are not very strong. These kinds of situations occur in buildings located close to the road, railway, tramway, or subway. Often, during the designing or the building of these urban infrastructures, human perception of vibrations throughout these buildings located is not taken into account [12, 13] . Furthermore, the exploitation of this parameter of evaluation is not monitored. Meanwhile, this existing infrastructure has become older, sometimes infrastructures conditions change (due to traffic increases or changing of train or tram types), and some of its elements become slightly damaged, all of which can influence human perception of vibrations. It is impossible to change the location of an existing urban infrastructure. The vibration monitoring system can provide solutions to the necessary infrastructure design (i.e., by introducing additional vibroinsulation [14, 15] ). Some small repairs in the existing infrastructure system are sufficient to ensure vibrational comfort in buildings located nearby.
A few years after the opening of its first metro line, Warsaw Metro owners observed a growing number of complaints from the residents of neighbouring buildings. This prompted scientists and engineers from the Cracow University of Technology to design and build the vibration monitoring system. The basis for building the monitoring system was to understand the phenomenon related to the propagation of vibration for shallow subways. The vibrations generated when the wheel comes into contact with the rail are propagated through the subway tunnel and ground, which are then transmitted to buildings located near the metro line. Some numerical and analytical solutions of the contact problem between the rail and wheel can be found in literature, for example, [16] [17] [18] [19] . In these paper authors focused on experimental solution of the problem. A point of focus for the Warsaw Metro is the human perception of vibrations, but it is worth noting that for these shallow subways, vibrations are perceived to be larger on lower floors. This was the most critical observation which has contributed towards building the system. Human sensitivity to the vertical vibrations of floors, in some buildings located near metro line, was particularly evident in the preconstruction measurements. The sensitivity of individual floors depends on their dynamic characteristics, which is contingent on their floor structure, stiffness, and dimensions. These three factors made it necessary to select representative measurements points within buildings that are not always located close to the metro tunnel. Monitoring the human perception of vibrations of each metro train helps Warsaw Metro owners to determine which trains should continue operating and those that should not. This paper describes the observations and analysis of this monitoring system between 2003 and 2011.
After proper verification of the system developed by the authors, other proposals of systems appeared [20] . Another way for evaluation of the vibration impacts in the transport infrastructure environment was presented in [21] .
System Description
The monitoring system was developed at the Institute of Structural Mechanics at Cracow University of Technology. This system allows for constant monitoring of vibrations. Based on the measured vibrations in three selected buildings, the identification of the technical condition of metro trains is performed. The vibrations generated when the wheel comes into contact with the rail are transferred through the tunnel structure and the ground, around the building, and close to the metro line. Previous experience shows that the wheel's profile has a significant influence on the level of vibrations. Therefore, these vibrations are a source of discomfort for the people in buildings close to the metro lines. The perception of vibrations by humans in the buildings is a complex problem, and it depends on, for example, the ceiling structure, its stiffness, and dimensions. Therefore, it is important to select the accurate, representative position of sensors in the buildings.
In the presented system, developed for the Warsaw metro line, the results of analysis, in relation to the comfort limits required for the people, constitute the criterion for evaluating the admissibility of the train for further operation [22] . Continuous monitoring of the vibration caused by each of the passing trains allows the individual trains to be eliminated before the vibration limit is reached. Moreover, these trains can be removed from operation before any complaint from the residents of the buildings near the subway line occurs. The accelerometer is mounted on the floor of the room in the building and is used to measure the vertical vibrations of the ceiling. Exemplary record of vertical component of the floor apartment vibrations and corresponding FFT are presented in Figure 1 . Horizontal components were also measured but the level of maximum values of vibrations is smaller compared with the vertical component (see Figure 2) . The results of analyses concerning these components are therefore not presented at work. It can be found in the [22] , where data not presented in the paper was showed.
Signal vibration is triggered by the signal transmitted (wireless) from the measuring point located in the tunnel, triggering the registration with a photocell when passing a subway train. The system also records the speed of train. The vibration monitoring system consists of two independent measuring sys, each of which consists of two measuring stations. One station is located in a residential building and the other in the underground tunnel under the building. Every single passage of metro train was registered and considered in the analysis. Metro passages were identified by photocell monitoring in metro tunnels. Figure 3 shows the block diagram of complete monitoring system with all the sensors. In this paper we consider only human vibration comfort inside buildings. The sensor which is responsible for this parameter is only A3Zs mounted in the middle of the ceiling of the cellar. As in the system and during our measurement activities, we use the same reference system: direction is always horizontal and perpendicular to the source of vibrations, is horizontal and parallel to the source of vibrations, and direction is vertical. From the beginning the assumption in the monitoring system was to get data from direction with respect to the building vibration influence (A2X sensor) corresponding to the data from the tunnel (A5X). Another assumption was to get data of vertical vibrations from the building (A1Z) and tunnel (A4Z). These calculations are not presented in this paper.
In the system high sensitivity seismic accelerometers type PCB 393B12 are used, with the sensitivity on the level of 10 V/g (±0,5 g range) and frequency range from 0,15 Hz till 1 kHz (±5%). Sampling rate is set on 400 Hz which is adequate for studied problem and it fulfils the Nyquist's condition. Noise level is much lower than signal from metro train (compare Figures 1(a) and 2) Registered data is transferred to the central unit. Then, the following analyses are performed:
(i) calculation of RMS (root means square) values in one-third bands and comparing them with assumed thresholds, (ii) determining peaks in one-third bands octave and comparing them with assumed thresholds, (iii) determining the maximum value from the entire time sequence, (iv) generating a report.
The results are presented as WODL ratios. The WODL ratio (in English, the human vibration perceptivity ratio), proposed in [23] and in Polish code [24] , is the measure of vibration perception by people. It is the maximum ratio of the acceleration RMS value, obtained from the analysis of the acceleration RMS value, equivalent to the threshold for the perception of vibration by humans (in the same 1/3 octave band), chosen from each 1/3 octave band, comp. equation (1) .
The advantage of such a coefficient is that the result of the analysis from the frequency band is not independent, since the WODL indicates directly how many times the threshold for human vibration has been exceeded. where RMS is acceleration RMS value obtained from analysis; is acceleration RMS value equivalent to the threshold for the perception of vibration in a direction in the same 1/3 octave band as in RMS .
Frequency values corresponding to 1/3 octave bands used in analysis are equal to 1.25, 1.6, 2, 3.16, . . . , 63, 80, 100 and listed also in Table 3 of ISO standard [25] .
WODL ratios are coefficients calculated according to (1) using RMS basic procedure described in Polish standards [24, 26] and in ISO standard [27] . Recorded signals are filtered using Butterworth low-pass filter with cut-off frequency of 120 Hz according to requirements described in Polish standard [24] .
RMS method averages acceleration values in duration: [25] . For signals with high crest factor (greater than 9), occasional shocks and transient vibration additional evaluation method like VDV analysis or MTVV analysis are required. Vibrations recorded in metro monitoring system are signals without shocks and with crest factor below 9 that is why RMS method was chosen for analysis and WODL ratio illustrated in most friendly way the percentage of exceedance of perception threshold of vibration.
Measurements in metro system last 24 hours and about 350 dynamical events are registered per day (concerning the tracks closer to the building). Metro managements care about good relations with residents of the buildings located in zone of metro dynamic influences. Because of many complaints of residents, researchers decided to use duration time of single event according to Polish standard [24] in which duration of vibration is defined as time in which amplitudes are greater than 0.2 of maximum value of vibrations. Adoption of such procedure is more rigorous than using of the whole record of vibrations for analysis and results of analyses are more independent from arbitral decision where to start and stop analyses.
Influence of Wheels Reprofiling on Human Vibrations in the Buildings
In the case of determining the vibration comfort of people in buildings, the decision parameter is the maximum RMS values obtained in each one-third octave band from the analysis of the perceived human horizontal and vertical vibrations of the floors. The influence on the vertical vibration of the ceilings has been assumed, since the vibration measurements generated by the metro in Warsaw have indicated that people are more sensitive to vertical vibrations of the ceilings [22] . The distribution of these values in time can be important for drawing practical conclusions. Exemplary results of the analysis are given in this section. The data presented below relates to the selected measurement point installed in building N118, as well as building M22 (see Currently, both buildings are being operated. Due to the function they perform they are subject to regular reviews. Their technical condition is maintained in proper condition. The sensor installed in the building is also regularly monitored and calibrated. The results of our experimental investigations show that despite many years of influence of dynamic loads originating from metro line, there is no significant degradation of the buildings stiffness and their natural frequencies. Referring to the results of previous experiments [14, 19, 22, 23 ] the condition of the wheels is responsible for increasing vibrations in the buildings in the neighbourhood of metro line. We established that technical condition of the building, ground properties, and the metro tunnel itself are unchangeable in contrary to wheels' condition.
WODL indicator shows the real influence of vibrations on people inside buildings without calculating floors parameters; the results come from real measurements. The main idea of this parameter is to measure vibration comfort inside buildings. It is not necessary to calculate floors parameters; it is just diagnostics indicator. When measuring hundreds of floors, it is impossible to calculate all of their constructions, but using WODL indicator we can in a relative short time qualify if the human vibration comfort is exceeded or it is normative according to the standard.
Each of the recorded vertical vibrations of the ceiling is automatically analyzed, according to the Polish code [24] , based on the experienced vibration by people. In this section, a more detailed analysis is presented on the daily distribution for the sensor located on the ceiling. Each passing of the train is represented by a single point. Within one day, the same train may pass by a sensor many times. There are also days (or weeks) when a train is not in use; therefore, there is no sensor registration for this train. The individual coloured lines in the graphs indicate the threshold values defined in the system: (i) green, 50% limit value of the defined threshold,
(ii) yellow, 75% limit value of the defined threshold, (iii) red, 90% limit value of the defined threshold. Figure 6 . The longer the train is in operation, the greater the difference is in WODL value for each day (see Figure 5 ). This indicates an increase in radial defects of the wheels. If the train's wheels reprofile, the daily values of the WODL coefficient are more consolidated in the chart. This was observed for all analyzed trains. It can be assumed that when the values of WODL are scattered and high, usually followed by a sudden decrease in value, it indicates a reprofiling of the wheels. Another characteristic of this reprofiling is manifested when the train presents high WODL values, with an increased quantity over a short period. As shown in Figure 5 , the WODL value can change by more than one. Figure 6 shows the results for the M22A building for the previously presented subway train number 18 Table 2 ). Linear functions were used to describe trends in specific time periods because of good fit, in most cases 2 values are higher than 0.9, and in other cases they are close to this value. This system is dedicated to use for engineers in their everyday tasks not only for scientific purposes. Liner trend was used in case to maximum simplify diagnostic conclusions and characterised good fit with values of the adjustment coefficients 2 (in most cases higher than 0.9). Based on the data collected from 2003 to 2004, the average value of was almost three times larger than in the period spanning from 2008 to 2011 (comp. Table 2 ). This shows that vibrations increased about three times faster in the first period, with a similar standard deviation in Currently, the visual trend analysis is implemented in the latest version of the monitoring system (GUI version) and allows the system operator to create such charts for proper operation. Trend monitoring is very important in terms of operating costs, as it allows the user to schedule the necessary repairs in advance, while saving unnecessary overhaul costs.
In the next part of this chapter, the WODL coefficients were calculated as a function of time over the following eight months (for selected trains). The selection of trains for analysis was dictated by the long-time period between reprofiling. When this period was relatively short, the train was not suitable for long-term analysis (since the trend was difficult to estimate). The Metropolis trains are numbered 17, 18, 19, 20, 24, 25 , and 28 for detailed analysis. For each of the trains, the chart presents the analyzed time period, followed by a trend analysis for maximum and average WODL. To get a ratio to the design due to the estimation of dynamic influences, it was necessary to specify the envelope values of the WODL. This is the maximum achievable (experimental, not computationally) value that determines the real dynamic impact limit on the roof of the building to be measured. It can be used in the future as an indicator that has been determined based on measurements and can be used to determine the maximum possible dynamic impacts on building ceilings, which corresponds to human perceptions in buildings. Identifying the indicator is important, as there is a design trend that aims to estimate future adverse dynamic influences from individual sources of vibration, in the case of the design of buildings in the dynamic impact zone. This data is the result of experiential measurements, not from approximate calculations. In Figure 7 , there are the time periods for the individual trains, from which data are selected for further analysis. These are the periods between the wheel's reprofiling, when the WODL ratio increases. In the next step, the maximum value of the WODL and the average value are calculated for each day; the single point represents the max WODL for the day or the average WODL for the day. The results for train number 18 are presented in Figure 8 , while the aggregate results for selected metro trains and the value of determination factor 2 are presented in Table 3 . The increase in WODL over the week ranges from about 0.9% to 1.8% and 2 determines a range between 69.5% and 93.7%. The conclusion is that adjusting the trend lines is not very advantageous especially for trains numbers 18, 25, 17, and 19. To determine diagnostic indicators that could be used in building calculations in neighbourhoods of the metro line, an attempt should be made to narrow the dataset so as not to lose the most relevant value.
Due to the large spread of data and the desire to set a limit value for the most unfavorable, calculating the envelope of the maximum value of WODL seems intentional and appropriate. This analysis may be used in the future to predict the maximum possible dynamic impacts on people living in buildings close to the metro line. Figure 9 presents the WODL ratio envelope but in the uptrend. Therefore, even in the following days, the WODL values were lower; they were omitted from the trend chart and only the next value if it was higher than the previous one. In conclusion, the WODL ratios do not exceed 3 (maximum for train number 18, ratio 2.6). Figure 10 presents the trend for the envelopes of increasing MAX WODL values from Figure 9 .
The coefficient shows how much of the variation of the explanatory variable approximates the modeled phenomenon. It is a measure of the degree to which a model explains the development of an explanatory variable. It can also be said that the deterministic factor describes the part of the explanatory variable that results from its dependence on the explanatory variables included in the model. The coefficient of determination takes values from the range [0; 1] if the model is free, and the least squares method is used to estimate the parameters. Its values are expressed in percentages. Model matching is the better, and the 2 value is closer to unity. It is expressed as
where is the actual value of variable at time ,̂is theoretical value of the explanatory variable (based on the model); is the arithmetic mean of the empirical values of the explanatory variable.
Weekly WODL increments range from 1% to 2% and the 2 determinate range is from 92.3% to 98.1% (see Table 3 ). In summary, it is possible to assume for the most unfavorable situation which may occur in the future during the operation of subway trains in Warsaw, the increase of WODL is 2% (see Figure 10 , for train number 18, and Table 4 ) and the WODL value 2.6 (see Figure 9 , train number 18). Figure 3 shows the trend line for the WODL max envelope value with the value of the function, as well as the value of the determinant 2 . Percentages show the WODL of the calculated trend line per week (delta WAT/week). The data presented are summarized in Table 5 for all tested trains with a comparison for the WODL max envelope and WODL max in the table.
As can be seen the values of WODL increments are quite similar, while the value of the determinant ( 2 ) varies considerably (see Table 5 ). This is caused by a large spread of data. By analyzing the envelope value of the maximum WODL value, it can be concluded that the fit of the model is much closer to value 1.0 (100%).
Rush Hours Effect
First step in this kind of analysis was to define time of day in which rush hours in Warsaw Metro occur. Number of tickets that were bought on two metro stations, Raclawicka and Pola Mokotowskie, was used to estimate rush hours for first line of Warsaw metro. Analysis was made during working days and on Saturdays on data covering years 2003 and 2004. Based on these data rush hours on the test measuring profile are as follows:
(i) from Monday to Friday, morning rush hours from 7.00 till 8.00 a.m. and afternoon rush hours from 2.00 till 6.00 p.m., (ii) on Saturday, morning rush hours from 11.00 a.m. till 3.00 p.m. and afternoon rush hours from 5.00 p.m. till 6.00 p.m.
Because of differences between working days and weekends and because of smaller number of passengers during weekends, working days rush hours were chosen for monitoring as decisive. Exemplary results of daily distribution of Figure 11 . Average values of WODL coefficient for train number 18 for different time of day: morning, rush hours and evening are listed in Table 6 . In this table date of measurement and number of trains passing during the day is also listed.
In thirteen days from working days during January 2004 average value of WODL is higher during rush hours than in the morning, and in twelve days average WODL values were higher during rush hours than in the evening. The total average value calculated for whole month also shows that WODL coefficient is higher for rush hour than beyond them. What is interesting this difference between average value of WODL is higher comprising rush hours to the evening than to the morning, but the highest value of WODL occurs in the evening not in the rush hours.
Between 6 and 10 of February wheels of train number 18 were rolled which of course effect on WODL results. Daily distribution after this renovation is shown in Figure 12 and average values of WODL are listed in Table 7 .
The main observation is that renovation of wheels has much higher influence on WODL values than rush hours effect. Which is proper for diagnosis of wheel train condition, and which was assumption of monitoring system in Warsaw Metro.
Total average value calculated for whole February is higher for rush hours but differences between rush hours and the other time of day are not as significant as it was before wheels were rolled. Comparing days in which during rush hours average value of WODL was higher than in other time of the day it can be seen that (i) only during 5 days WODL is higher during rush hours than in the morning, during two days this value is the same, and during 5 days WODL is lower during rush hours than in the morning, (ii) during 7 days WODL is higher during rush hours than in the evening and during two days this value is the same, (iii) difference between the total average value of WODL during rush hours and in the evening is again higher than difference between rush hours and morning.
Before and after renovation of train wheels average values of WODL are higher (but not very significant) during the rush hours than for other time of day. These differences are in both cases higher when rush hours are compared with the evening. Standard deviation for rush hours is higher than for the other daytime. This all suggest that train filled with passengers can give higher human perception of vibration residing in buildings located close to metro line. Rush hours in Warsaw Metro are not estimated precisely which could be a reason of relatively small differences between morning and rush hours. This indicates that morning rush hours should be specified during more precise measurements.
Conclusions
In the paper the monitoring system in Warsaw metro was presented. Since 2003, when the system was installed, many changes have been made in the operation and management of the metro. Many advantages can be distinguished after the system was introduced. First of all, the number of complaints related to the negative impact of vibrations on people in nearby buildings has decreased. The main reason for these complaints was problems with wheel profiling. The level of these impacts and the rate of change were observed only after the system was installed. This significantly contributed to improving the comfort of use of buildings near the metro line.
The method of repairing wheels on trains has also been fundamentally changed. During the first period of system operation, only the wheels with the largest damage were repaired, which did not give good results. The system introduced the principle of repairing all wheels on the train, which improved comfort and contributed to the extension of the period between subsequent repairs.
The system also allowed better planning of repairs. Thanks to the introduced alarm levels in the system, it is possible to plan repairs for individual trains. It also allows for better planning of costs and organization of costs. The measurement system together with the software allows you to make decisions that affect the image of the metro manager in an easy and quick way and enables the rationalization of costs.
The vibration monitoring system introduced on the first metro line in Warsaw has fulfilled its role so well that it is currently being expanded on subsequent sections of the second metro line in Warsaw.
